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Drosophila wingless and Pair-Rule Transcripts
Localize Apically by Dynein-Mediated
Transport of RNA Particles
embryonic axes (Neuman-Silberberg and Schu¨pbach,
1993; Gonzalez-Reyes et al., 1995). bicoid (bcd) mRNA
is localized to the anterior of the oocyte, forming a long-
range anteroposterior gradient of nuclear protein in the
embryo (Berleth et al., 1988). oskar (osk) mRNA is local-
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ized at the posterior, targeting Osk protein to the poste-Edinburgh EH9 3JR
rior and specifying germ plasm formation (Ephrussi etScotland, United Kingdom
al., 1991).
mRNA localization is also important in the Drosophila
syncytial blastoderm embryo, which consists of a mono-Summary
layer of 6000 nuclei that are coaligned along the cortex.
The nuclei and surrounding cytoplasm have a pro-Asymmetric mRNA localization targets proteins to
nounced apical-basal polarity with most microtubulestheir cytoplasmic site of function. We have elucidated
(MTs) lying apical of the nuclei where their minus endsthe mechanism of apical localization of wingless and
and centrosomes are located. Most MT plus ends arepair-rule transcripts in the Drosophila blastoderm em-
found in the basal cytoplasm and in the yolk (Foe etbryo by directly visualizing intermediates along the
al., 1993). There are three alternate patterns of mRNAentire path of transcript movement. After release from
distributions in the cytoplasm surrounding each nu-their site of transcription, mRNAs diffuse within the
cleus. The segment polarity transcript wingless (wg) andnucleus and are exported to all parts of the cytoplasm,
pair-rule transcripts such as fushi tarazu (ftz), hairy (h),regardless of their cytoplasmic destinations. Endoge-
and runt (run) are apically localized. However, stringnous and injected apical RNAs assemble selectively
(stg) mRNA, which encodes the Drosophila homolog ofinto cytoplasmic particles that are transported apically
CDC25 (Edgar and O’Farrell, 1990), is basally localized.along microtubules. Cytoplasmic dynein is required
Gap transcripts such as hunchback (hb) and Kruppelfor correct localization of endogenous transcripts and
(Kr) are unlocalized (Davis and Ish-Horowicz, 1991),apical movement of injected RNA particles. We pro-
probably allowing these nuclear proteins to diffuse andpose that dynein-dependent movement of RNA parti-
form short-range gradients in the embryo (Hulskamp etcles is a widely deployed mechanism for mRNA local-
al., 1990). In contrast, the apical localization of pair-ruleization.
transcripts is thought to restrict the lateral diffusion of
the nuclear transcription factors they encode (Davis andIntroduction
Ish-Horowicz, 1991; Davis et al., 1993). The apical local-
ization of wg mRNA is required to target the Wnt-likeAsymmetric mRNA localization is a common posttran-
Wg secreted protein to the apical membrane (Simmondsscriptional method of targeting proteins efficiently to
et al., 2001 [this issue of Cell]).their site of function (St. Johnston, 1995; Lipshitz and
Four models have been proposed for the mechanismSmibert, 2000). It is estimated that 10% of all mRNAs in
of apical mRNA localization (Francis-Lang et al., 1996)the Drosophila oocyte (Dubowy and Macdonald, 1998),
and all other asymmetrically localized transcripts (Lip-and probably in other organisms, are localized asym-
shitz and Smibert, 2000). RNA could be exported directlymetrically. However, the mechanism of localization is
from the apical side of the nucleus. Alternatively, unlo-still poorly understood in most cases. Examples include
calized RNA could be selectively degraded in the basal
actin mRNA localization that targets actin filaments to
cytoplasm, or could diffuse freely and become anchored
the distal lamellae of chicken embryo fibroblasts (Sun-
in the apical cytoplasm. Finally, mRNA could be trans-
dell and Singer, 1990), an essential process for cell motil- ported actively within the cytoplasm. While the precise
ity (Kislauskis et al., 1997). In Xenopus oocytes, Vg1 mechanism and path of localization of most transcripts
mRNA is localized to the vegetal hemisphere and may is uncharacterized, cis-acting sequences in the 39 UTR
play a role in mesoderm induction (Weeks and Melton, usually determine the site of localization (St. Johnston,
1987; Joseph and Melton, 1998). In Saccharomyces cer- 1995). However, the identity and function of the factors
evisiae, Ash1 mRNA is localized to the bud of a dividing that bind to these signals are mostly unknown.
cell (Long et al., 1997), ensuring that Ash1p suppresses There is increasing evidence that MTs are important
mating type switching only in the daughter cell (Bobola for long distance localization processes, while actin has
et al., 1996). a role over short distances. Actin mRNA localization in
In Drosophila, transcript localization plays an impor- fibroblast cells is dependent on actin microfilaments
tant role in development. The anteroposterior and dor- (Sundell and Singer, 1991), while bcd (Pokrywka and
soventral axes of the embryo are specified in the oocyte Stephenson, 1991), Vg1 (Yisraeli et al., 1990), and pair-
through the localization of three mRNAs. gurken (grk) rule mRNA localization are MT dependent (Edgar et al.,
mRNA localization targets the Grk TGFa-like signal to 1987; Lall et al., 1999). Interestingly, osk mRNA localiza-
specific groups of follicle cells, thus establishing the tion is actin and MT dependent (Theurkauf et al., 1993;
Erdelyi et al., 1995; Glotzer et al., 1997). Furthermore,
some mRNAs are thought to localize by motor-mediated* To whom correspondence should be addressed (e-mail: ilan.davis@
ed.ac.uk). transport along actin or MTs. Ash1 mRNA localization
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in yeast requires myosin and actin (Takizawa et al.,
1997). osk mRNA localization requires the plus end di-
rected motor, Kinesin I (Brendza et al., 2000). bcd local-
ization depends on swallow (swa) (Stephenson et al.,
1988), a putative linker to the minus end directed MT
motor cytoplasmic dynein (Schnorrer et al., 2000). bcd
mRNA localization also requires exuparentia (exu) (St
Johnston et al., 1989), a protein that has been visualized
moving within particles in an MT-dependent manner in
living egg chambers (Theurkauf and Hazelrigg, 1998),
suggesting that bcd mRNA may move in Exu-containing
particles along MTs with Swa and dynein. However, Exu
particles do not contain bcd mRNA (Wilhelm et al., 2000)
and bcd mRNA localization has not been shown directly
to require dynein. Furthermore, dynein has not yet been
shown directly to be required for any mRNA localization
process, despite its involvement in the movement of
many other cytoplasmic components (Vallee and
Sheetz, 1996).
Figure 1. Apical, Basal, and Unlocalized mRNAs in Drosophila Blas-Here we use a combination of highly sensitive in situ
toderm Embryoshybridization in fixed embryos and time-lapse imaging
High resolution and sensitivity in situ hybridization on interphase 14of fluorescently tagged RNA in living embryos to observe
syncytial blastoderm embryos showing mRNA (red, cy3) and theintermediates in the movement of apically targeted tran-
nuclear envelope (green, Alexafluor488-Wheat Germ Agglutinin). (A,
scripts in blastoderm embryos. We have followed the C, and E) Low-powered images showing the pattern of expression
movement of apical mRNAs from their site of transcrip- in embryo (anterior to the left). (B, D, and F) High-powered images
tion to their final site of apical localization in the cyto- showing bright nascent transcript foci (arrowheads) and the site of
mRNA localization in the cytoplasm near the syncytial nuclei. (A andplasm. Apical, basal, and unlocalized mRNAs reach the
B) run mRNA is apical. (C and D) stg mRNA is predominantly basal.nuclear envelope by diffusion, and are exported in all
(E and F) hb mRNA is unlocalized. High-powered and low-powereddirections. Apically targeted transcripts selectively as-
images are shown at the same scale with scale bars 10 mm and 50semble into particles that move rapidly to the apical
mm, respectively, in this and all subsequent figures, unless otherwise
cytoplasm by dynein-mediated movement along MTs. stated.
Our observations explain the speed and polarity of api-
cal mRNA localization in the blastoderm embryo and
suggest a similar mechanism of localization for other To determine whether export intermediates show any
transcripts. directionality in their movement, or diffuse freely within
the nucleoplasm, we measured their intranuclear posi-
Results tions. The location of export intermediates was mapped
along the apical-basal axis of the nucleus using stacks
Specific mRNAs Diffuse from Their Site of optical sections captured at 0.2 mm intervals (Figures
of Transcription to the Nuclear Periphery 2C–2L). Our results show that export intermediates for
and Are Exported in All Directions apically targeted transcripts (run, ftz, and wg) are distrib-
Previous studies showed that the transcription of most uted throughout the nucleoplasm and nuclear envelope
mRNAs in the blastoderm embryo occurs at nuclear (Figures 2G–2I). Basal stg and unlocalized (Kr and hb)
nascent transcript foci, usually in the nuclear interior transcripts show a similar even distribution (Figures 2J–
(O’Farrell et al., 1989; Davis and Ish-Horowicz, 1991;
2L). We conclude that, regardless of their final site of
Wilkie et al., 1999). To test whether different transcripts
cytoplasmic localization, specific transcripts diffuse
move along distinct paths after release from the site
from their site of synthesis and are exported in all direc-of transcription, we used high resolution and sensitive
tions.fluorescent in situ hybridization (Wilkie and Davis, 1998).
Probes against apical, basal, and unlocalized transcripts
Injected wg and Pair-Rule RNAs Localize Rapidlydetect punctate nuclear sites of hybridization in addition
and Directly in Particles Similar to Endogenousto brighter nascent transcript foci (Figure 1) (Wilkie et
Localization Intermediatesal., 1999) and abundant cytoplasmic mRNA (Figure 1).
In addition to export intermediates, we detect unlocal-The fainter punctate signal is found only in regions of the
ized punctate cytoplasmic signal with a similar range ofembryo where the gene is expressed, which is almost
intensities, approximately 4-fold greater than back-exclusively within stripes (Figure 2A). Mutant embryos
ground fluorescence in the embryo (data not shown).that lack both copies of the ftz gene show no nuclear
The cytoplasmic signal represents localization interme-or cytoplasmic staining above background (Figure 2B),
diates, as it is found only in regions of the embryo wherewhereas sibling embryos from the same collection are
the gene is expressed (Figures 1 and 2A), and is notindistinguishable from wild-type embryos (data not
present in mutant embryos that lack both copies of theshown). We conclude that the punctate nuclear signal
ftz gene (Figure 2B).represents export intermediates en route from the site
To determine how cytoplasmic intermediates moveof transcription and processing to the nuclear envelope
for export to the cytoplasm. within the cytoplasm to their final site of localization,
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Figure 3. Injected Apically Targeted RNA Assembles into Particles
that Localize Apically in Living Blastoderm Embryos
(A–D) Four snapshots from a time lapse movie of a blastoderm
embryo expressing nlsGFP (green nuclei) and injected with Alex-
aFluor546-labeled protein-free run RNA (red). Within 20 min, the
majority of injected run RNA localizes to the apical cytoplasm.
(E–J) Higher power view of six snapshots from a similar time lapse
movie showing the movement of a typical particle of injected run
RNA. (J) A composite image of (E)–(I) showing an RNA particle
moving directly apically at an average speed of approximately 0.5
mm/sec. The time in minutes and seconds after injection is shown
on the bottom right.
we studied the localization of injected RNA in real time
in living embryos. We used direct incorporation of bright
AlexaFluor dyes, rather than previous indirect methods
of labeling RNA with Fluorescein (Glotzer et al., 1997;
Figure 2. The Distribution of Intermediates in Nuclear Movement Lall et al., 1999). We found that capped, protein-free
and Export of run mRNA run, ftz, and wg transcripts become apically localized
(A) Stripes 1 and 2 of run mRNA (red) visible within nuclei as bright when injected into the basal cytoplasm or yolk (Figures
nascent transcript foci (arrowheads) and fainter signal in the nucleus
3A–3D; Movies 1 and 2 [see Supplemental Data below]).and cytoplasm (arrows), which are sometimes colocalized with the
Our results are similar to the localization of amino-allylnuclear envelope (green). mRNA is only rarely detected in the inter-
FITC-labeled ftz mRNA preincubated with the hnRNPA1stripe region (arrows).
(B) In situ hybridization to detect ftz mRNA in a mutant that lacks homolog Squid and observed in fixed embryos (Lall et
the ftz gene, showing no detectable signal above background. al., 1999). However, by imaging RNA in living embryos,
(C) A section through the apical part of nuclei showing punctate run we observed that approximately 30 s after injection, run,
mRNA (red) in the apical cytoplasm and some nuclear intermediates.
ftz, and wg RNAs assemble into bright particles that(D and E) Sections through the middle and basal part, respectively,
move rapidly and directly to the apical cytoplasm atof the same nucleus as (C) showing bright nascent transcripts and
approximately 0.5 mm/sec (Figures 3E–3J and Movie 2fainter intermediates within nuclei and cytoplasm.
(F) A diagram representing an interphase 14 nucleus showing a [see Supplemental Data below]). We conclude that the
nascent transcript focus (NT, open red circle) and localization inter-
mediates in the nucleoplasm and cytoplasm (red circles) and in the
nuclear envelope (yellow circles).
(G–L) Positions of nascent transcripts (open red circles), mRNA tion represents 0.5 mm. Nascent transcript foci are localized ac-
particles in the nucleus (red circles) or on the nuclear envelope cording to their chromosomal position in the apical-basal axis (as
(yellow circles) from N nuclei within a single or two embryos. Each previously described), but localization intermediates are in all parts
line represents the apical-basal axis of the nucleus and each gradua- of the nucleoplasm and nuclear envelope.
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same particles since the two types of particles assemble
in different locations. We also found that high-powered
imaging of injected RNA in living and fixed material
showed that the majority of the RNA was present in
particles of variable intensities (data not shown). We
conclude that injected RNA particles are genuine local-
ization intermediates similar to those of endogenous
apical transcripts.
Apical Localization Intermediates Can Contain
Several Different Apically Targeted RNAs,
But Not Basal or Unlocalized RNA
To test whether RNA particle movement is specific to
apically localized transcripts, we coinjected apically tar-
geted RNA with either unlocalized or basal RNA. Our
results show that injected hb RNA (Figures 5A–5E) and
stg RNA (data not shown) partly diffuse away from the
site of injection and do not become apically or basally
localized. Unlocalized and basal RNAs can form bright
particles, but these lack apical RNA and do not move
apically (Figures 5C–5E). We conclude that the particles
of RNA we observe moving to the apical cytoplasm are
specific apical localization intermediates.
To determine whether different apical transcripts as-
semble within the same or distinct particles, we coin-
jected two different apically localized transcripts, wgFigure 4. Rapidly Moving Particles in Living Embryos Are Equivalent
to Endogenous mRNA Localization Intermediates with run (Figures 5F–5H) and ftz with run (data not
shown). Our results show that both can assemble within(A) Low-powered section through a blastoderm embryo fixed 5 min
after injection with AlexaFluor546 run RNA (red). DAPI staining of the same particles, but some particles consist of pre-
DNA (cyan), highlighting cortical and yolk nuclei. dominantly one or the other RNA. Control coinjection
(B) Magnified view of part of (A), showing some RNA particles at experiments were performed with AlexaFluor488 run
the site of injection, apically localized RNA, and three particles in
and AlexaFluor546 run RNA showing a similar mixturetransit (arrowheads).
of red, green, and yellow particles (Figures 5I–5K). These(C) Section through nuclei near the surface of an embryo that was
results suggest that the localization particles contain ainjected with AlexaFluor488 run RNA and fixed after 5 min. Endoge-
nous and injected run RNA were simultaneously detected by in situ relatively small number of RNA molecules and that wg
hybridization with Cy3-TSA (red) and covisualised with the nuclear and different pair-rule transcripts localize using a similar
envelopes (green). The site of injection was off the left edge of the mechanism.
panel, near the anterior and at a much deeper focal plane. run mRNA
on the right is endogenous stripe 1.
Apical RNA Particles Move toward the Minus Ends(D) High-powered view of a localization intermediate of injected RNA
(arrowhead). of MTs Using Cytoplasmic Dynein and Dynactin
(E) High-powered view of endogenous localization intermediates To study the mechanism of apical localization, we tested
(arrowhead). Many endogenous and injected intermediates show whether actin and/or MTs are necessary for localization
similar fluorescence intensity, indicating equivalent amounts of
of injected RNA by preinjecting cytoskeletal inhibitorsRNA. Scale bars are 20 mm in (A) and (B), 10 mm in (C), and 5 mm
10 min before injecting the RNA. We found that preinjec-in (D) and (E).
tion of Cytochalasin B, at concentrations that disrupt
the organization of actin filaments (Edgar et al., 1987),
has no affect on run RNA localization (Table 1). However,apical localization of mRNA in the blastoderm embryo
occurs by active transport to the apical cytoplasm. we observed a similar disruption of nuclear position in
the cortical cytoplasm (data not shown) as previouslyTo determine whether the RNA particles that assem-
ble from highly concentrated injected RNA are similar to reported (Edgar et al., 1987). In contrast, preinjection of
colcemid, which destabilizes blastoderm MTs (Edgar etendogenous intermediates, we covisualized the injected
and endogenous RNAs in fixed embryos. This allowed al., 1987), disrupts run, wg, and ftz RNA localization
almost entirely (Figure 6A, Table 1). Control embryosus to compare directly the intensities of endogenous
and injected localization intermediates. We injected run preinjected with buffer showed correct apical localiza-
tion of injected run, wg, and ftz RNA (Table 1). Further-RNA labeled with AlexaFluor488-UTP incorporation
(green) and fixed the embryos 1 to 5 min after injection. more, when colcemid was inactivated by a 10 s UV
exposure, the injected run RNA started localizing a fewBoth endogenous and injected RNA particles were de-
tected within the same embryos by fluorescent in situ minutes later and became fully localized in all cases
(Table 1, Figure 6B, and Movie 3 [see Supplemental Datahybridization (red). The results show that some RNA
particles that assembled from injected RNA have similar below]). To confirm that colcemid disrupted MTs, we
fixed embryos and visualized MTs, approximately 10 minintensities to endogenous localization intermediates
(Figure 4 and data not shown). As expected, endoge- after injection with colcemid. In agreement with previous
studies, we found that colcemid causes the disappear-nous and injected RNAs were not colocalized within the
Apical mRNA Localization in Drosophila
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1997; Sharp et al., 2000a) are each sufficient to inhibit
run, ftz, and wg RNA apical localization in most, or all,
embryos (Figure 6E and Table 1). In contrast, embryos
preinjected with a control IgG monoclonal antibody
showed normal wg, ftz, and run RNA localization (Figure
6F and Table 1). We also found that either anti-dynein
antibody or colcemid injections were each sufficient to
cause apical RNA to partly diffuse away from the site
of injection (Movie 4) in a similar manner to embryos
injected with hb RNA alone (Figures 5A and 5B). Injected
apical RNA does not diffuse in the absence of anti-
dynein antibodies or Colcemid preinjections (Figure 3
and Movie 4). These results suggest that apical RNA is
tethered to MTs by dynein and that dynein is required
for the transport of RNA particles.
To further test the involvement of cytoplasmic dynein
in apical transcript localization, we injected RNA into
mutant cytoplasmic dynein heavy chain (Dhc64C) em-
bryos. We found a marked reduction in the speed of
movement of injected apical targeted RNAs in dynein
mutants (Table 1). Cytoplasmic dynein is essential for
many cellular processes, so strong mutations in Dhc64C
are homozygous lethal in Drosophila and cannot be
studied at the blastoderm stage (Gepner et al., 1996).
Instead we used hypomorphic allelic combinations of
Dhc64C, which are viable in trans due to intragenic com-
plementation (Gepner et al., 1996) and have been shown
to reduce the speed of dynein-dependent lipid dropletFigure 5. Apical Particles Often Contain More Than One Type of
Apical RNA, But Lack Basal and Unlocalized RNAs movement in embryos (Gross et al., 2000). We found
Snap shots from time lapse movies of coinjected apical and unlocal- that injected RNA particles move at 60% to 70% slower
ized RNAs. (A and B) Embryo coinjected with AlexaFluor488-labeled speeds in two different allelic combinations of Dhc64C,
run RNA (green) and AlexaFluor546-labeled hb RNA (red). run RNA compared with wild-type (Table 1 and Movie 5). Staining
becomes apically localized but hb remains unlocalized. run RNA Dhc64C mutant embryos with anti-tubulin antibodies
that has not yet localized does not diffuse, hb RNA diffuses away
showed that MT distribution was indistinguishable fromfrom the site of injection. The lines above the apical cytoplasm
wild-type (data not shown), indicating that the reducedare due to auto-fluorescence and reflection of light by the vitelline
speed of localization is not due indirectly to a disrup-membrane. In (B), the line is red because the red channel is en-
hanced (relative to [A]) to show the diffuse hb RNA. (C–E) Two time tion of the MTs. Instead, the reduction in speed is likely
points (10 s apart and superimposed into one) from living embryo to show a direct requirement for dynein in particle
coinjected with run and hb RNA showing that run particles move transport.
apically and do not contain hb RNA, but hb particles do not move To test whether cytoplasmic dynein is also required
or contain run RNA. (C) run. (D) hb. (E) Merged image. (F–H) Single
for apical localization of endogenous transcripts, wetime point from living embryo coinjected with green run RNA and
determined the effects of Dhc64C hypomorphic mutantsred wg RNA. (F) run. (G) wg. (H) Merged image. Particles contain
and anti-dhc antibodies on the apical localization ofeither run or wg RNA, or a mixture of both. Arrowheads point to
particles, all of which can be seen to move apically in other time endogenous ftz transcripts by in situ hybridization. As
points . (I–K) Single time point from a control embryo coinjected expected, hypomorphic Dhc64C mutants showed no
with green run RNA and red run RNA showing that differently labeled detectable effects on ftz apical mRNA localization (data
RNA can assemble in the same particles, but often do not. (I) Green not shown) since injected RNA localizes correctly, but
run RNA. (J) Red run RNA. (K) Merged image. The color of the
more slowly (Table 1 and Movie 5). In contrast, injectionarrowheads indicates which RNA the particles contain. Time after
of anti-dhc antibody disrupts endogenous ftz localiza-injection is shown in minutes and seconds at the top right.
tion, leading to unlocalized stripes of ftz mRNA 20–30
min after injection (Figure 6G). Given that ftz mRNA has
ance of MTs that reach the yolk and basal cytoplasm a half-life of 6 min in the blastoderm (Edgar et al., 1986),
leaving some apical MTs unaffected (Figures 6C and the ftz transcripts we observed are likely to have been
6D). We conclude that an intact MT cytoskeleton is re- synthesized after the injection. We conclude that endog-
quired for apical localization of injected RNA and that enous apical mRNA localization is also dynein de-
actin does not play a major role in the process. However, pendent.
we cannot exclude some minor role for actin in apical Dynactin is a protein complex that is involved in coor-
localization of RNA. dinating the activities of cytoplasmic dynein, and is
We next tested whether the localization of injected thought to be required for most forms of dynein-based
RNA occurs by minus end directed MT-dependent mo- transport (Karki and Holzbaur, 1999). To test whether
tor movement by preinjecting embryos with antibodies dynactin is also required for apical RNA localization, we
against Drosophila cytoplasmic dynein heavy chain preinjected a large excess of p50/dynamitin into em-
(dhc). Our results show that two independently raised bryos 10 min before injecting apically targeted RNA.
p50/dynamitin causes a significant reduction in themonoclonal antibodies against dhc (McGrail and Hays,
Cell
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Table 1. Disruption of Microtubules or Cytoplasmic Dynein Inhibits Apical Localization of Injected run, ftz, and wg RNA
Genotype/Reagent RNA Localization Particle Speed (mm/s) Probability Value
Cytochalasin B preinjected into wild-type run 91% (N 5 23)
wg 80% (N 5 10)
Colcemid preinjected into wild-type wg 10% (N 5 29)
run 8% (N 5 52)
ftz 13% (N 5 30)
Colcemid followed by UV run 100% (N 5 6)
Control monoclonal antibody against HA wg 89% (N 5 18)
run 90% (N 5 30)
ftz 90% (N 5 21)
Monoclonal antibody P1H4 against N-terminal wg 21% (N 5 14)
residues 128–422 of Drosophila dhc run 12% (N 5 33)
(Tom Hays) ftz 7% (N 5 15)
Monoclonal antibody against HUV fragment wg 0% (N 5 22)
of Drosophila dhc (David Sharp) ftz 0% (N 5 14)
Buffer preinjected into wild-type wg 88% (N 5 17) 0.41 6 0.03 (N 5 32) 0.10 (wg & run)
run 94% (N 5 17) 0.49 6 0.04 (N 5 33) 0.60 (run & ftz)
ftz 92% (N 5 12) 0.46 6 0.03 (N 5 29) 0.24 (ftz & wg)
Dhc64C8-1/Dhc64C6-10 wg 89% (N 5 19) 0.16 6 0.008 (N 5 37) 5.7 3 1029
run 95% (N 5 22) 0.19 6 0.008 (N 5 69) 4.4 3 1029
ftz 86% (N 5 22) 0.19 6 0.009 (N 5 72) 4.0 3 1029
Dhc64C6-6/Dhc646-8 wg 92% (N 5 12) 0.13 6 0.01 (N 5 64) 2.7 3 10210
run 86% (N 5 14) 0.15 6 0.01 (N 5 55) 2.7 3 10210
ftz 88% (N 5 22) 0.14 6 0.01 (N 5 60) 3.9 3 10211
GST preinjected into wild-type wg 90% (N 5 11) 0.40 6 0.02 (N 5 46) 0.80a
run 92% (N 5 13) 0.42 6 0.04 (N 5 34) 0.23a
GST-p50/dynamitin preinjected wg 90% (N 5 20) 0.18 6 0.03 (N 5 43) 4.67 3 1028
into wild-type run 92% (N 5 26) 0.16 6 0.03 (N 5 44) 9.28 3 1027
ftz 94% (N 5 16) 0.21 6 0.03 (N 5 44) 1.7 3 1025 b
The effects of colcemid treatment, cytoplasmic dynein antibodies and mutants, and p50/dynamitin on apical RNA localization.
The proportion of embryos that localize injected RNAs and the speeds of movement of apical particles are shown for various treatments,
mutations, and controls. Particle speeds represent the mean 6 standard error of the speed of N particle movements towards the minus ends
of microtubules. Speeds were measured from the distance in mm between successive positions of particles at 10 s intervals. The P values
represent the probability of the speed measurements being derived from the same population as the appropriate controls.
a Compared with buffer preinjected into wild-type.
b Compared with embryos preinjected with GST and then injected with wg RNA.
speed of RNA particle movement (Table 1) whereas pre- Intranuclear Movement and Export of mRNA
Using new techniques for visualizing RNA in situ and ininjection of control GST protein has no effect (Table 1).
p50/dynamitin is a subunit of dynactin whose overex- living embryos, we have been able to study directly
the path taken by different classes of transcripts in thepression is a widely used method of disrupting the dy-
nactin complex and demonstrating conclusively dynein- blastoderm embryo and image mRNA export intermedi-
ates in the nucleus. In all cases studied, we find thatdependent motility (Echeverri et al., 1996). Dynactin is
required for some cargo binding (Karki and Holzbaur, export intermediates are evenly distributed within the
nucleus and on the nuclear envelope, arguing against1999) and for dynein processivity (King and Schroer,
2000). We conclude that apical transcript localization in any directionality in their movement or export. Instead,
all transcripts appear to diffuse freely within the nucleo-the blastoderm embryo occurs by cytoplasmic dynein-
and dynactin-mediated transport along MTs toward plasm after release from the site of transcription and
processing, are exported to the cytoplasm in all direc-their minus ends.
tions, and localize by a cytoplasmic mechanism. Our
results are consistent with other studies using fluores-
Discussion cently tagged poly(A)1 RNA (Politz et al., 1998, 1999),
unspliced mRNA (Zachar et al., 1993), giant Balbiani
We have visualized the entire path of movement of api- Ring transcripts (Singh et al., 1999), and gold-labeled
cally targeted mRNAs from the site of transcription to RNA injected into Xenopus oocyte nuclei (Pante et al.,
their final site of localization in the apical cytoplasm 1997), all of which were found to diffuse freely within
of syncytial blastoderm embryos. Intermediates in the the nucleus.
nuclear export and cytoplasmic localization of all tran-
scripts studied are evenly distributed and contain a
small number of mRNA molecules. Our in vivo injection Apical mRNA Localization Involves Six
Distinct Stepsdata shows that protein-free fluorescent apical RNAs
specifically assemble into particles that move toward There are three main cytoplasmic mechanisms that have
been proposed for apical transcript localization (Fran-the minus ends of MTs using the motor protein cyto-
plasmic dynein and its associated dynactin complex. cis-Lang et al., 1996) and other asymmetrically localized
Apical mRNA Localization in Drosophila
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Figure 7. Stages in Apical mRNA Localization in the Blastoderm
Embryo
A model representing the six steps in the movement of mRNA parti-
cles from the site of transcription at nascent transcript foci (NT) to
its final site of localization in the apical cytoplasm. (1) Assembly
into RNP complexes after release from the site of transcription and
processing. (2) Diffusion throughout the nucleoplasm until particles
encounter the nuclear envelope. (3) Export through NPCs. (4) Particle
composition changes during and after export and cytoplasmic dyn-
ein and other proteins are recruited. (5) Dynein- and dynactin-medi-Figure 6. Localization of Injected Apically Targeted RNA Requires
ated transport of particles along MTs to the apical cytoplasm. (6)MTs and Dynein
Release and anchoring.(A) Snapshot taken 10 min after injection with AlexaFluor488 run
RNA, which fails to localize because of prior (10 min earlier) injection
of colcemid. mRNAs (Lipshitz and Smibert, 2000). Unlocalized RNA
(B) A later snapshot of the same embryo 10min after 10 s irradiation could be selectively degraded or could diffuse freely
with UV light (inactivates colcemid). The unlocalized run RNA rapidly
and become anchored apically. Alternatively, transcriptslocalizes following the UV irradiation with similar kinetics to control
could be actively transported within the cytoplasm toinjections with buffer (see Movie 3).
(C) Control embryo showing normal MT organization (red) and DNA their final destinations. Our results and previous data
(cyan). MTs are mainly apical but are also visualized between the (Francis-Lang et al., 1996) rule out selective degradation
nuclei and in the basal cytoplasm. as the mechanism for apical mRNA localization. Our data
(D) A similarly treated embryo that was injected with colcemid and also distinguish conclusively between the two remaining
fixed 10 min later, showing fewer apical MTs and no MTs between
models for movement of apically targeted RNA in thethe nuclei and in the basal cytoplasm.
cytoplasm by visualizing the dynein-dependent move-(E) An embryo that was preinjected with an antibody against Dro-
sophila cytoplasmic dynein heavy chain 10 min before injection ment of apical RNA particles, which are inconsistent
with AlexaFluor488-labeled run RNA. The injected run RNA fails to with diffusion. Furthermore, injected apically targeted
localize, even an hour after injection (data not shown). mRNA is only able to diffuse when either MTs or dynein
(F) Control embryo that was preinjected with an anti-HA IgG mono- are disrupted, suggesting that mRNA destined to move
clonal antibody, under similar conditions to (E), showing normal
to the apical cytoplasm is probably attached to MTslocalization of injected run RNA.
and dynein before the movement begins.(G) In situ hybridization showing ftz mRNA in an embryo injected
with anti-dynein antibody 20–30 min prior to fixation. ftz mRNA is Considering our results in the context of other work
unlocalized in expression stripes near the site of injection and is (Daneholt, 1997; Lall et al., 1999; Norvell et al., 1999),
also detected in the yolk. export and localization of apical mRNA in the blastoderm
embryo can be divided into six distinct steps (Figure
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7). (1) During or after completion of transcription and ticle movement is not abolished, but simply occurs more
slowly. In contrast, the anti-dhc antibody treatmentsprocessing, transcripts are assembled into particles,
are equivalent to a genetic null as they abolish dyneinwhich contain various hnRNPs and export factors, some
function and apical RNA localization. The effects of theof which may form part of the cytoplasmic localization
anti-dhc antibodies are likely to be specific as they weremachinery. (2) mRNA particles diffuse freely after release
previously shown to recognize single bands on Westernfrom the site of transcription and processing until they
blots and to decorate MTs in oocytes (McGrail and Hays,reach NPCs on the nuclear periphery. (3) mRNA particles
1997). In addition, injecting one of the antibodies specifi-are exported through NPCs in all parts of the nuclear
cally inhibits spindle pole separation during pro-meta-envelope. (4) The composition of the particles probably
phase and spindle elongation during anaphase B (Sharpchanges during export from the nucleus and in the cyto-
et al., 2000a), as does p50/dynamitin (Sharp et al.,plasm to recruit dynein, dynactin, and associated pro-
2000b), and these processes are thought to requireteins. (5) Particles attach to MTs and are actively trans-
dynein.ported to the apical cytoplasm. (6) Particle movement
While we cannot completely exclude the possibilityarrests in the apical cytoplasm, where they may associ-
that dynein antibodies could disrupt apical RNA localiza-ate with other particles and become anchored.
tion by affecting MT organization, the fact that excessThe first three steps of apical localization are thought
p50/dynamitin reduces the speed of localization showsto be common to most mRNAs, as they are essential
that dynein and dynactin are likely to be involved directlyuniversal processes in eukaryotic cells. However, the
in transport of apical RNA. p50/dynamitin has beenlast three steps of the localization pathway are likely to
widely used to demonstrate the direct involvement ofvary amongst different kinds of transcripts, as the key
dynein and dynactin (reviewed in Karki and Holzbaur,determinant in sorting different mRNAs to their correct
1999), and dynactin has been shown to be required forcytoplasmic destinations is presumably RNP particle
dynein processivity (King and Schroer, 2000), explainingcomposition in the cytoplasm. It is possible that some
why p50/dynamitin injections reduce the speed of apicalcomponents required for cytoplasmic sorting are preas-
RNA movement rather than abolishing localization en-sembled in the nucleus, as suggested by studies show-
tirely.ing that the localization of injected ftz mRNA depends
Dynein is involved in the transport of various otheron preincubation with the hnRNPA1 protein Squid (Lall
cytoplasmic components including the movement ofet al., 1999). Indeed, a requirement for hnRNPs has also
lipid droplets in Drosophila embryos. Imaging lipid drop-been shown for grk mRNA localization in the oocyte
let movement at 30 frames/s has indicated that multiple(Norvell et al., 1999), for myelin basic protein mRNA in
minus end and plus end directed motors are assembledrat oligodendrocytes (Carson et al., 1998), and for Vg1
with each droplet (Gross et al., 2000). The averagetranscripts in Xenopus oocytes (Cote et al., 1999). How-
speeds of movement of the particles we observe areever, our data show that injected protein-free apical RNA
remarkably similar to those of lipid droplets, suggestingassembles in the cytoplasm into particles that localize
that the mechanism of movement may be similar. How-correctly, arguing that all the factors needed to assem-
ever, the particles we observe are not bright enough toble competent localization particles can also be re-
allow acquisition of such frequent time points, so thecruited in the cytoplasm. The differences between our
question of whether plus end directed and minus endresults and those of Lall et al. are probably due to their
directed motors are coassembled in apical RNA trans-method of labeling the RNA disrupting the competence
port particles is currently unresolved.of protein-free ftz RNA to localize (Bullock and Ish-Horo-
Dynein/dynactin complexes are good candidates forwicz, personal communication). In contrast, labeling ftz
transporting other mRNAs that move to MT minus ends.RNA directly with various AlexaFlour dyes does not dis-
These include the transport of various mRNAs from therupt localization (this work and also Bullock and Ish-
nurse cells into the Drosophila oocyte, grk mRNA local-
Horowicz, personal communication). Squid protein re-
ization within the oocyte, and the apical localization of a
stores the ability of compromised ftz RNA to localize
number of transcripts in epithelial cells and neuroblasts
(Lall et al., 1999), possibly because RNP particles can (Fischer, 2000). It is also likely that other localized
be preassembled differently in the nucleus than in the mRNAs assemble into similar particles to the ones we
cytoplasm (Kataoka et al., 2000). observe since RNA granules have been reported in many
other cases (St. Johnston, 1995; Hazelrigg, 1998). How-
Dynein/Dynactin-Mediated Transport of RNA ever, in the absence of direct visualization of particle
Particles Is Likely to Be a Common Mechanism movement, the significance of these granules remains
of mRNA Localization unknown. Nevertheless, we propose that the movement
We show that anti-dhc antibodies inhibit injected and we see after assembly into particles is a widely deployed
endogenous transcript localization and that two differ- mechanism of localization of mRNA. This view is sup-
ent hypomorphic Dhc64C mutant combinations or an ported by the fact that Dynein is implicated, but not
excess of p50/dynamitin are each sufficient to reduce directly shown to be involved, in bcd mRNA localization
significantly the speed of apical RNA particle movement. during oogenesis (Schnorrer et al., 2000).
The reduction in speed of particle movement we observe While dynein is unlikely to provide the specificity re-
in Dhc64C mutants is consistent with the fact that the quired for different RNAs to be sorted to their correct
Dhc64C allelic combinations have been shown to reduce destinations, dynactin is thought to be involved in some
the speed of dynein-dependent lipid droplet movement cargo binding (reviewed in Karki and Holzbaur, 1999),
(Gross et al., 2000) and are semi-viable (Gepner et al., so it could provide a link between RNA and dynein.
Specificity is presumably provided by proteins that bind1996). In these hypomorphic Dhc64C mutants, RNA par-
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embryos were either imaged in vivo, or fixed and devitelinized bylocalization signals in the 39 UTR of the RNAs. However,
hand using a fine hypodermic needle.such trans-acting factors remain unknown, with the
probable exception of Swa, which may act as a linker
4-D Imaging and Deconvolutionbetween dynein and bcd mRNA (Schnorrer et al., 2000).
Fixed embryos were mounted in Vectashield (Vector Laboratories)
Future characterization of the composition of the apical and living embryos were imaged directly on coverslips using a
localization particles and the factors required for their Sedat/Agard widefield microscope (Applied Precision Inc.) based
assembly and movement will no doubt shed light on the on an Olympus IX70 inverted microscope with a 12 bit cooled PXL
CCD camera (Photometrics) as previously described (Davis, 2000).specificity of apical mRNA localization in the blastoderm
Living embryos were imaged using an Olympus 20X/0.75NA lensembryo and on the mechanism of movement of other
and fixed embryos imaged with an Olympus 100X/1.4NA oil immer-mRNAs to the minus ends of MTs.
sion lens. Out-of-focus light was reassigned to its original point
source in 3-D image stacks captured from each time point using
Experimental Procedures
Sedat/Agard 3-D constrained iterative deconvolution algorithms.
Combined DIC and green fluorescent images were captured using
Fly Strains
a dedicated dual DIC/GFP filter cube from Olympus.
Stocks were raised on standard cornmeal-agar medium at 258C.
The age of interphase 14 embryos was judged by the progression
RNA was injected into embryos laid by Oregon R, wild-type, or
of the membrane furrows. The distance from the top of the nucleus
a strain with four copies of the nlsGFP transgene (yw; nlsGFPM;
to the positions of nascent transcript foci and RNA export intermedi-
nlsGFPN) (Davis et al., 1995). Dhc64C mutants were from T. Hays
ates were measured and plotted onto a 12 mm scale at 0.5 mm
(Gepner et al., 1996) and Df(3)4SCB/TM3,Sb,Sr (uncovering the ftz
intervals, representing a nucleus 30 min after the start of interphase
gene) was from the Bloomington stock center.
14 (Figure 2).
In Situ Hybridization and Immunofluoresence
Supplemental DataIn situ hybridisation to detect mRNA with fluorescent tyramides
Supplemental movies 1–5 are available online (http://www.cell.com/(NEN LifeSciences) was performed as in Wilkie et al. (1999), the
cgi/content/full/105/2/209/DC1).nuclear envelope visualized with AlexaFluor488 Wheat Germ Agglu-
tinin (Molecular Probes). MTs were detected using a monoclonal
Acknowledgmentsantibody against b-tubulin (Amersham) and visualized using Alexa-
Fluor568 coupled goat anti-mouse antibodies (Molecular Probes).
We are indebted to David Ish-Horowicz, Adrian Bird, Hildegard Tek-For triple labeling experiments, the nuclear envelope was labeled
otte, Simon Bullock, Nina MacDougall, David Tollervey, Andreaswith a monoclonal anti-lamin antibody (Yosef Gruenbaum) and visu-
Merdes, Kenneth Sawin, Joe Lewis, Jeremy Brown, Andrew Sim-alized using Cy5 coupled donkey anti-mouse antibodies (Jackson).
monds, and Henry Krause for constructive comments on the manu-
script. We thank Andrew Jarman, Jeffrey Bond, Margarete Heck,Synthesis of Fluorescently Labeled, Capped RNA
Helena Davis, and Barrie Davis for help with statistics and AndrewRNA was transcribed in vitro using an mCAP RNA capping kit (Stra-
Simmonds and Henry Krause as well as Simon Bullock and Davidtagene). Linearized plasmid DNA was transcribed for 2 hr at 378C
Ish-Horowicz for allowing us to refer to their unpublished work. Wewith T7 or T3 polymerase in a 50 ml reaction containing 0.4 mM
are grateful to Tom Hays for providing Dhc64C mutant lines andATP, 0.4 mM CTP, 0.36 mM UTP, 0.04 mM AlexaFluor488 or 546-
anti-dhc antibodies, David Sharp for an independent anti-dhc anti-UTP (Molecular Probes), 0.12 mM GTP, and 0.3 mM 7mG(59)pppG
body and a GST-p50/dynamitin expression clone, Yosef GruenbaumCAP analog. The reaction was incubated for 15 min with DNaseI
for anti-lamin antibody, and Yiota Kafasla and Joe Lewis for controland unincorporated nucleotides were removed using a Sephadex
anti-HA antibody and GST protein. We also thank David Ish-Horo-G50 RNA spin column (Roche) and the RNA extracted with phenol/
wicz, Bruce Edgar, Peter Gergen, and Jean-Paul Vincent for sendingCHCl3, precipitated with NH4OAc/EtOH and resuspended in water.
cDNA clones. This work was supported by a Wellcome Trust careerThe quality of the resulting RNA was assessed by electrophoresis
development fellowship and a Lister senior fellowship to I. D., andand the yield and incorporation by spectrophotometry. Each mole-
an MRC PhD studentship to G. W.cule of run RNA was labeled by 16 molecules of AlexaFluor546 dye.
This is equivalent to incorporation of 6.5 fluorochromes per kb of
RNA, or one fluorochrome every 154 nucleotides on average. Received November 29, 2000; revised March 19, 2001.
Plasmids containing cDNA were gifts from David Ish-Horowicz
(ftz), Bruce Edgar (stg, hb, and Kr), Peter Gergen (run), and Jean- References
Paul Vincent (wg).
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